Abstract-A methodology for decoupling cross-coupled fields in compact, integrated current sensor arrays is presented. The compactness of the current sensor array elements is made possible by using highly sensitive field detectors based upon Giant Magnetoresistive (GMR) technology, which offers galvanic isolation, small size (~mm 2 ) and high bandwidth (>1 MHz). By using known geometric relations between the conductor geometries and locations of the field detectors, cross-coupled magnetic field signals can be used to extract necessary current signals, as well as separate unknown disturbance fields. This methodology can also be used to simplify the magnetic biasing requirements of GMR field detectors, including decoupling of the temperature dependence of the biasing magnet. Moreover, the methodology also can be extended to estimate the temperature of the magnet to provide an extra temperature signal for thermal management algorithms.
INTRODUCTION
As technology advances, there is a strong trend towards integration and miniaturization of individual systems to enhance reliability, size, and cost [1] [2] [3] . Although there exists a wide assortment of technologies available today for making current measurements for power electronics applications, most of these pose considerable obstacles when being considered for high-scale integration into power electronic modules [4] [5] [6] . Integrated solutions often incur severe tradeoffs between important qualities such as galvanic isolation, bandwidth, accuracy, size, and cost. This paper presents concepts and experimental demonstrations using sets of Giant Magnetoresistive (GMR) point-field detectors as integrated current sensors for power electronic modules and bus structures [7] [8] . Although the GMR field detector offers galvanic isolation, small size (~ 2mm 2 ), high bandwidth (>1 MHz) and accuracy (1%) [9] , achieving a compact, integrated current sensor array design that fully utilizes all of these attributes are non-trivial. Avoiding the use of a flux concentrating magnetic core in the design takes advantage of the high field sensitivity of the GMR, while further reducing the total size of the current sensor, but exposes the field detector to other magnetic fields that are not related to the measured current. In order to separate the current signals from neighboring current paths and unknown disturbance fields, an active field decoupling approach is used. Experimental and simulated demonstrations of active field decoupling of cross-coupled fields and disturbance fields are given in this paper.
II. WEIGHTED SUMMING FIELD DECOUPLING
Using compact GMR field detectors in a current sensor design for a bus structure or an integrated power electronics module, without magnetic shielding or flux concentrating cores, requires special attention to cross-coupled fields. Although this may require more analysis during the design phase, the payoff can be worth the extra effort, since many advantages which are often traded off with each other can be realized simultaneously, namely, small size, galvanic isolation, accuracy and bandwidth.
The first set of experimental results demonstrates the measurement of a system of three conductors carrying different current waveforms as shown in Fig. 1 . A field detector placed anywhere in space will provide a field signal that is a combination of all three fields. In other words, the magnetic fields from all three conductors are cross-coupled. Theoretically, the three currents can be decoupled if three different field detectors are used, each at a different location. This idea can be extended to include a system of n conductors, in which case n field detectors would be needed to decouple the current signals. For simplicity, this experiment was conducted in an electromagnetically clean environment; that is, no external magnetic fields generated by unknown sources were in the vicinity of the field detectors. Although this condition is generally impractical to enforce in a real application, it is considered here briefly to demonstrate the concept of decoupling cross-coupled fields.
Decoupling unknown disturbance fields will be discussed in depth in the following section.
The diagram on the upper portion of Fig. 1 is an illustration of the experimental set-up using three GMR field detectors (labeled F 1 , F 2 and F 3 ) with a three-conductor geometry. Each conductor carries a different current waveform: a 50 Hz sinusoid (I 1 ), a 100 Hz square wave (I 2 ), and a 150 Hz triangle wave (I 3 ), each with peak amplitude of 1 Ampere. The oscilloscope plot in the bottom portion of Fig. 1 Decoupling the field signals of Fig. 1 requires knowledge of the physical geometric relations between the field detectors and the conductors. Using Ampere's Law, the coupling relation for this example relating the currents (I 1 , I 2 and I 3 ) to the field detector signals (F 1 , F 2 and F 3 ) can be derived, and expressed in matrix form. This matrix equation is given in (1). 
Extracting the decoupled currents is accomplished by multiplying the field signal vector by the inverted square crosscoupling matrix. Each decoupled signal is then simply a weighted sum of the cross-coupled field signals. Figure 2 shows the resulting decoupled current signals for this experiment. The actual decoupling of the current signals was accomplished in a spreadsheet by using the field signals recorded from the oscilloscope with the inverted cross-coupling matrix element values. If these field signals were being sampled by a DSP, they could easily be decoupled in real-time using a few addition and multiplication instructions. If this uses too much of the processor's recourses, the signals could also be decoupled using simple analog circuitry. Each decoupled current signal could be reconstructed and scaled using a summing op-amp circuit where the summing gains are determined by the elements from the inverted cross-coupling matrix. After close examination of the decoupled currents, a small amount of cross-coupling between the signals can still be observed. This is due to small errors in the estimation of the geometric dimensions between the conductors and the field detectors. The fixture used to hold the conductors and field detectors in place in this experiment had relatively loose tolerances (+/-1 mm). For some applications, this amount of error may be acceptable, especially considering the gains achieved in physical simplicity and size reduction of the of the current sensor design. If greater accuracy is needed, more attention should be given to maintaining the relative positions of the conductors and field detectors or the coefficients can be determined in-situ so that dimensional precision is not an issue.
Current

III. DISTURBANCE FIELD DECOUPLING
In real applications, it is likely that the field detectors used in the current sensor design will be exposed to external fields of unknown origin, in addition to the fields generated by the currents being measured. This will be especially true in the case of power electronic modules with integrated current sensors in motor drive applications, where rotating magnetic fields that escape from the stator may interfere with the current measurement. For this reason, it is important to include provisions that allow for the separation of these disturbance fields.
Disturbance fields can severely compromise the accuracy of a field decoupling design, unless the decoupling matrix has extra degrees-of-freedom beyond the number of currents being measured. Extra degrees-of-freedom are added by using more field detectors. The extra degrees-of-freedom are designated as coefficients in a polynomial function, which estimates the spatial field distribution of the unknown disturbance field. When the square cross-coupling matrix is inverted, and the currents are solved for, the polynomial coefficients are also solved for, since they are a part of the vector containing the unknown currents.
Therefore, the unknown parameters representing the disturbance field are separated from the currents. This form of decoupling is referred to in this paper as disturbance field decoupling (DFD).
When compared to using magnetic shielding or flux concentrating cores, the use of more field detectors beyond the number of currents being measured imposes almost no penalty in terms of size, as well as cost, assuming the devices are made in high quantities. This is due to the GMR field detector's small size, and that fact that it is made with commonly available materials using standard fabrication processes [7] [9].
The following experimental results demonstrate the effects of disturbance fields on a field decoupling design, with and without DFD. The results that use DFD ranged from zeroorder DFD up to 2 nd order DFD. The order of the DFD refers to the order of the polynomial used in the cross-coupling matrix for estimating the spatial distribution of the disturbance field.
In this experiment, time varying disturbance fields were generated by attaching permanent magnets to the ends of two electric motors, which were rotating at different speeds, as shown in Fig. 3 . A fixed disturbance field was also added by placing a permanent magnet near the field detector array. The nominal distance between the magnets and the field detectors was 5 cm. The photograph in Fig. 4 shows an experimental set-up of the GMR field detector array (F 1 , F 2 , F 3 , F 4 and F 5 ) that were used to decouple the fields from currents carried by the two conductors (I 1 and I 2 ), as well as separate the unknown external magnetic fields. The five GMR field detectors are located on the circuit board, and are each separated by a center-to-center distance of 7.5 mm. The two conductors are thin strips of copper, 1.5 cm wide, with 1 cm of separation between them. The copper conductors were cut out of the thin film of copper on a 1 oz. copper-clad board, and are on the bottom side of the board. The vertical spacing between the two conductors and the field detector array is 6 mm.
As mentioned above, decoupling unknown disturbance fields requires extra degrees-of-freedom in the cross-coupling matrix, which is what the extra field detectors provide. Once the geometry of the conductors and the locations of the field detectors are set, the cross-coupling matrix can be determined. Determining this matrix can be done several different ways. If the geometry of the conductors is simple enough, the matrix can be determined analytically, as in (1) . In this case, the conductors' cross-sections are not circular, making an analytical calculation difficult. An alternative to this is either to use a finite element model, or to measure the matrix elements experimentally. In this experiment, the cross-coupling matrix elements were measured experimentally. This is done simply by passing a known current through each conductor individually, and measuring the magnitude of the field signal from each detector. Each matrix element represents the amount of signal voltage from each detector that results from one ampere of current in each conductor. The measured cross-coupling matrix that relates the two currents to the five field detectors is given in (2). Since there are two currents being measured, the minimum number of detectors needed to decouple the currents is two. This decoupling will not be able to separate external disturbance fields, however. The decoupling of the current signals was performed using 2, 3, 4 and 5 of the five field detectors, for the purpose of comparing different orders of DFD to not using DFD at all.
The zero-order DFD approximates the disturbance field as a constant spatial field distribution across the field detector array, and uses one extra detector, for a total of three detectors in this experiment. This type of simple estimation can be reasonably accurate for magnetic disturbances that have nearly uniform field intensity. Spatially uniform field disturbances would be due to magnetic sources that are far enough away from the field detectors that the spatial gradient has decayed to almost zero.
For disturbance fields that are closer, a linearly varying estimate of the field intensity may be more appropriate. This requires two extra field detectors, for a total of four detectors. Disturbance fields that are very close to the field detector array may be separated better with a second order, or quadratic estimate of the spatial field distribution. This DFD uses all five of the field detectors. Table 1 contains the decoupling matrix equations that are possible for different orders of disturbance field decoupling for the detector array shown in Fig. 4 . 
For this DFD experiment, conductor I 1 carried a brief pulse of a sinusoidal current. This current was generated by using a sinusoidal PWM signal to switch an IGBT that was connected to an RL load (R = 1Ω, L = 70µH). The second conductor I 2 was open circuited, thus, it's current was zero. One reason to force I 2 to be zero is to unambiguously identify the difference between the two decoupled current signals. Furthermore, with I 2 = zero, evaluating the disturbance rejection of the DFD on this current signal is straightforward. Any non-zero value in the decoupled I 2 signal is clearly error due to the external field disturbance.
The top plot in Fig. 5 contains the actual field signals recorded from the field detectors. The times before and after the short sinusoidal PWM current clearly show the results of the disturbance field, since there is no current during these times. The second plot shows the decoupled currents using no DFD. The black curve represents the actual current in conductor I 1 measured by a high bandwidth current shunt. The overlaid red current waveform is the decoupled I 1 current signal. The blue curve is the decoupled I 2 current, and is theoretically zero during the entire time. It is clear from this plot how the external field disturbances affect the decoupled current signals if the cross-coupling matrix does not account for unknown disturbances. The AC errors in the two current signals appear to follow the disturbance fields, when compared to the field signals during zero current. The effects from the stationary magnet can also be seen in both of the current signals as a DC offset.
The third plot in Fig. 5 shows how the zero order DFD performs under this type of magnetic disturbance. Notice that the DC offset is practically gone in both current signals. Much of the AC disturbance has been reduced, although it is interesting to note that the phases of the current errors differ by roughly 180 o . The fourth and fifth plots show the decoupled current signals using first and second order DFD. A dramatic improvement is clearly present in both signals, with very little sign of the disturbance fields. After a close examination of both plots, one can conclude that the first order DFD is slightly better than the second order DFD, since there appears to be more noise in the second order signal, as well as more error between the decoupled I 1 current signal and the actual I 1 current. This means that the disturbances used in this experiment were far enough away from the field detectors that their spatial gradients were flat enough to be estimated by a linear function. Figure 5 . Results of the DFD experiment comparing no DFD to zero order, 1 st order and 2 nd order DFD.
GMR
This experiment not only shows the power of using DFD to decouple unknown fields, but it also demonstrates that using higher orders of DFD does not necessarily improve disturbance rejection. Theoretically, one could use any order of DFD, as long as enough extra field detectors are used. The problem with using higher orders of DFD is that as the order of the polynomial increases, the more the polynomial is able to conform to the field distributions generated by the conductors. This is an undesirable situation, because it prevents the DFD from being able to discern between which field components are disturbances, and which are due to currents.
IV. BIASING MAGNET ISSUES
As identified in [7] , the unipolar response of the GMR requires the use of a biasing magnet, if AC field signals are to be measured. If the magnet is placed such that the GMR field detector is biased to the middle of its linear region, then the resulting bias offset voltage in the GMR signal needs to be subtracted. Therefore, the level of biasing field on the field detector must be known in order to get an accurate current measurement. Any error in the estimation of the biasing field will result in offset errors in the current signal.
This issue is further complicated if the temperature of the magnet changes. If the magnet's temperature changes, its magnetic field strength will also change, resulting in a change of the GMR's bias point. Of course, one could use a temperature sensor to measure the magnet's temperature, and then estimate the GMR's bias field point. Fortunately, there is a much more direct solution to this problem, using DFD.
One approach to this problem is to treat the field from the biasing magnet as an external disturbance, even though it is being used to bias the GMR. As long as the cross-coupling matrix contains accurate information of the coupling between the field detectors and conductors, the decoupling matrix will attempt to separate the biasing field from the fields to the current. The degree of how well it accomplishes this depends on how different the field distribution of the biasing magnet is compared to the field distribution due to current in each conductor.
A magnetic disturbance is any magnetic field that couples to the field detectors, originating from an unknown source or sources outside of the power electronics module or bus structure, and is not accounted for in the cross-coupling matrix model. Since the attributes of the biasing field from the permanent magnet are generally known, the biasing field is technically not a disturbance. However, the change in the bias field intensity as a function of temperature is a disturbance, if the temperature of the magnet is not known. One possible way of decoupling both the biasing field and the temperature dependence of the biasing magnets is to use a high enough order of DFD to reject the spatial gradient of the field intensity of the bias field. The form of the DFD matrix coupling equation for a two-conductor geometry is given in (3). Since the coupling equation uses seven field detectors with two conductors, the DFD is 4 th order. The A xy terms in the square coupling matrix are the cross-coupling matrix terms that capture the known relationships between the currents and the magnetic fields they produce at the detector locations. This coupling equation treats both the bias field and its temperature dependence as a disturbance, since there are no coupling terms present that are related to the field distribution of the permanent magnet. 
V. THE BIASING MAGNET AS A TEMPERATURE SENSOR
If only the magnet's temperature dependence is considered to be a disturbance, then the nominal biasing field can be included in the cross-coupling matrix. The coupling matrix equation (4) gives an example of this. The third column of the square coupling matrix contains the field values (measured in Oe) of the bias field at each detector location.
Since the spatial profile of the bias field is now embedded into the coupling matrix, it is assumed that the bias field will always be proportional to this profile over the entire temperature range. This assumption is true if the temperature of each biasing magnet is equal. This may be a reasonable assumption if there is relatively low thermal impedance between the two magnets. F 7 (4) The inclusion of the nominal bias field into the coupling matrix reduces the order of the DFD by one power, down to 3 rd order. Furthermore, the third element in the unknown vector has been replaced with the ∆ T term, which is a variable that represents the change in bias field strength due to temperature. When the vector of unknowns is solved for, the ∆ T term can be used to estimate the temperature of the magnets. The relation between ∆ t and the magnet temperature is given in (5) [10] .
T o room or reference temperature
The magnet temperature can then be calculated using the following expression.
If the temperatures of the biasing magnets are not generally expected to be equal, their individual contributions of the total biasing field can be included in the coupling matrix. Figure 7 shows a plot of the fields produces at each detector location by each of the biasing magnets, individually. Detector spacing is 2 cm
The coupling matrix equation (7) includes the individual field contributions for each of the biasing magnets. The coupling terms of each magnet are contained in the third and fourth columns of the square coupling matrix. It can be seen that separating the bias field into its two individual components provides two independent temperature estimates, at the cost of a reduction in order of DFD, from third order to second order. Figure 9 contains plots showing the performance of the field decoupling properties of each DFD approach. This simulation uses zero current in both conductors. This allows the disturbance rejection to be clearly seen, since any non-zero value of current in the decoupled current signals is due to the temperature disturbances. The first plot shows the values of the disturbance fields that were applied to each field detector. These disturbance fields were taken from a two-dimensional finite analysis of a small rotating magnetic disturbance. Another form of disturbance was also included in this simulation. This extra disturbance was an extreme temperature variation of each of the permanent magnets. The temperature variations given to the magnets were triangle and square wave functions ranging from 25 o C to 125 o C. This temperature variation causes the bias fields to scale up or down, based on the value of the reversible temperature coefficient α, which was chosen to be -0.1 %/ o C, a common value for NdFeB magnets [10] . These temperature profiles are extreme, and would not likely be seen in a real application, but they serve to clearly illustrate the strengths and limitations of the DFD. The second plot shows the actual field signals at the field detector locations. These field signals include the field offset from the biasing magnets. The effects of the changing temperatures of the biasing magnets can be clearly seen in the second plot, since there is an obvious square wave component on the otherwise smooth sinusoidal disturbance fields produced by the rotating magnet. The third plot shows the decoupled current signals if no DFD were to be used. The nominal value of the biasing field was subtracted from the field detector signals, yet a significant amount of current error is present on the current signals from both the temperature variations of the magnets and the external field disturbance. The fourth, fifth and sixth plots show the decoupled current using the three different DFD approaches described above. The first plot shows the decoupled currents from a fourth order DFD that takes none of the biasing magnet fields into account. Notice that there is a small amount of constant current error, in addition to the error due to the temperature variation of the biasing magnets.
The reason why the constant current error is present is because this DFD treats the bias field as a disturbance, leaving the fourth order polynomial to fit the spatial profile of the bias field. The shape of this bias field is shown in the plot on the top portion of Fig. 6 . Since the polynomial can only approximate the bias field, there will always be a constant error in the current signals. The fifth plot in Fig. 9 shows a DFD where the net bias field from both magnets is included as one degree of freedom. Notice that there is no noticeable offset in the signal, compared to the previous plot. The effects of the temperature changes in the biasing magnets can still be seen, since this DFD assumes that both magnets are at the same temperature. The final plot represents the disturbance rejection from a DFD that includes each biasing magnet's field contribution individually. Virtually no temperature effects are present in these signals, and most of the external field disturbances are decoupled, even though the order of the polynomial estimate is second order.
The plots in Fig. 9 demonstrate the disturbance rejection of different formulations of DFD. They did not demonstrate the ability of the DFD to simultaneously make temperature estimates of the biasing magnets. Figure 10 contains the temperature estimation results from the second ant third forms of DFD presented above. The first plot in Fig. 10 shows the actual temperature profiles assigned to each of the magnets. The second plot shows the estimated temperature of the magnets. Since this form of DFD only has one temperature degree-of-freedom, it is estimating the average temperature between the magnets. Figure 10 . Bias magnet temperature estimation for different forms of DFD for a two magnet configuration.
The third plot of Fig. 10 shows the estimated temperature signals of both magnets for the DFD formulation that considers each magnet individually. It can be seen that this final version of DFD can be very useful in estimating independent temperatures at remote locations. The errors in the temperature signals are a direct result of the external disturbance fields. If these external fields had smaller spatial gradients, the estimated temperature signals would be clearer. It should be noted that if the disturbance fields are relatively high in frequency, then the errors in the temperature estimates can be further reduced by filtering. Although this reduces the bandwidth of the temperature estimate, temperature detectors typically do not need to have high bandwidths, since thermal transients are often orders of magnitude slower than electrical transients in power electronics applications.
VI. CONCLUSIONS
Field decoupling is essential for producing accurate current estimates from an array of field detector signals. The geometry of the module or bus structure can have a direct impact on the amount of decoupling required. Weighted summing requires the use of one detector for every current to be measured or decoupled. Disturbance field decoupling (DFD) is an extension of weighted summing, but adds the ability to separate external disturbance fields. By including a spatial polynomial model of a disturbance field into the crosscoupling matrix, the inverted coupling matrix solves for the currents and the polynomial coefficients. The number of extra detectors required to use disturbance field decoupling depends on the order and dimensionality of the polynomial disturbance field approximation being used. If the locations of the detectors are not placed well, a higher order of DFD may interpret disturbance fields as fields generated from the currents in the conductors.
In addition, DFD can be used to automatically separate the biasing magnet's field from the measured current's magnetic field. It can also be used to decouple the magnet's temperature dependence, without the need to measure the magnet's temperature. This can be further extended to actually using the DFD to estimate the temperature of the biasing magnets, as well as the currents, simultaneously. In general, any other variable that magnetically couples with the field detector array can be decoupled, provided that the physical and geometric relations are known, and the field detector array has enough degrees-of-freedom. Because the decoupling is a linear operation, all decoupled signals can be calculated digitally, such as in a DSP, or by using summing op-amp circuits.
